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ABSTRACT
We explore the impact of elastic, anisotropic, velocity-dependent dark matter (DM) self-interactions on the
host halo and subhalos of Milky Way (MW)–mass systems. We consider a generic self-interacting dark mat-
ter (SIDM) model parameterized by the masses of a light mediator and the DM particle. The ratio of these
masses, w, sets the velocity scale above which momentum transfer due to DM self-interactions becomes ineffi-
cient. We perform high-resolution zoom-in simulations of an MW-mass halo for values of w that span scenarios
in which self-interactions either between the host and its subhalos or only within subhalos efficiently transfer
momentum, and we study the effects of self-interactions on the host halo and on the abundance, radial distribu-
tion, orbital dynamics, and density profiles of subhalos in each case. The abundance and properties of surviving
subhalos are consistent with being determined primarily by subhalo–host halo interactions. In particular, sub-
halos on radial orbits in models with larger values of the cross section at the host halo velocity scale are more
susceptible to tidal disruption owing to mass loss from ram pressure stripping caused by self-interactions with
the host. This mechanism suppresses the abundance of surviving subhalos relative to collisionless DM simula-
tions, with stronger suppression for larger values of w. Thus, probes of subhalo abundance around MW-mass
hosts can be used to place upper limits on the self-interaction cross section at velocity scales of ∼ 200 km s−1,
and combining these measurements with the orbital properties and internal dynamics of subhalos may break
degeneracies among velocity-dependent SIDM models.
Keywords: Dark matter (353); Milky Way dark matter halo (1049); Galaxy abundances (574); Computational
methods (1965)
1. INTRODUCTION
Self-interacting dark matter (SIDM) has long been an at-
tractive alternative to purely cold, collisionless dark matter
(CDM) owing to several potential “small-scale problems” at-
tributed to CDM (see Bullock & Boylan-Kolchin 2017 for
a review of these problems, and see Tulin & Yu 2018 for
a review of their potential resolutions in SIDM). Histori-
cally, SIDM was motivated by the core–cusp problem, which
concerns the apparent discrepancy between the steep, cuspy
NFW profiles ubiquitous among DM halos in CDM simu-
lations and the flatter, cored profiles inferred from the dy-
namics of various tracers in dwarf galaxies (Firmani et al.
2000; Spergel & Steinhardt 2000; Davé et al. 2001; Colín
et al. 2002). The core–cusp problem is sensitive to the impact
of baryonic feedback, and it remains an active area of study
(e.g., Elbert et al. 2015). In particular, it has recently been
cast in terms of the diversity of inner DM density profiles for
field (Oman et al. 2015; Kamada et al. 2017; Kaplinghat et al.
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2019a; Ren et al. 2019; Zavala et al. 2019; Santos-Santos
et al. 2020) or satellite (Valli & Yu 2018; Kahlhoefer et al.
2019) galaxies at fixed halo properties. For Milky Way (MW)
satellite galaxies, self-interactions in the presence of the tidal
field of the Galactic disk may accelerate gravothermal core
collapse, and this process has been proposed as a unique sig-
nature of SIDM (Kaplinghat et al. 2019b; Nishikawa et al.
2020; Sameie et al. 2020).
Self-interactions can also affect the abundance of DM sub-
structure in a statistical fashion. In particular, many authors
have studied the subhalo populations of MW-mass hosts in
the context of SIDM (e.g., Davé et al. 2001; Colín et al. 2002;
D’Onghia & Burkert 2003; Vogelsberger et al. 2012; Rocha
et al. 2013; Zavala et al. 2013; Dooley et al. 2016; Vogels-
berger et al. 2019; Robles et al. 2019), and a few cosmologi-
cal SIDM-plus-hydrodynamic simulations of isolated dwarfs
(Fry et al. 2015; Harvey et al. 2018; Fitts et al. 2019) and
MW-mass systems (Robles et al. 2017) have been performed.
The consensus of these studies has been that SIDM mod-
els that do not drastically reduce the number counts of sur-
viving subhalos have little effect on subhalo abundances in
MW-mass systems (see, e.g., the discussion in Tulin & Yu
2018). However, this is a model-dependent statement that
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warrants scrutiny in light of increasingly precise constraints
on the abundance of subhalos in MW-mass systems enabled
by recent measurements of the luminosity function of satel-
lite galaxies around the MW (e.g., Drlica-Wagner & Bechtol
et al. 2020) and around MW analogs (e.g., Geha et al. 2017;
Kondapally et al. 2018; Bennet et al. 2019). In addition, theo-
retical predictions for gaps and perturbations in nearby stellar
streams (e.g., Banik et al. 2019; Bonaca et al. 2019), direct
and indirect detection experiments (e.g., Ibarra et al. 2019;
Ishiyama & Ando 2020), and flux ratios in strongly lensed
systems (e.g., Gilman et al. 2020; Hsueh et al. 2020) are all
sensitive to the abundance and internal properties of DM sub-
structure in distinct ways.
Many of the aforementioned SIDM studies only consider
isotropic, velocity-independent self-interactions, at least on
the velocity scales relevant for the MW host halo and its sub-
halos. Nonetheless, there are theoretical and observational
arguments in favor of a velocity-dependent SIDM cross sec-
tion, which is a generic consequence of interactions in a non-
minimal dark sector (see, e.g., Feng et al. 2009; Loeb &
Weiner 2011; Tulin et al. 2013; Boddy et al. 2014; Kapling-
hat et al. 2016; Tulin & Yu 2018). While velocity-dependent
SIDM models have been explored on galaxy cluster scales
(e.g., Robertson et al. 2017; Banerjee et al. 2020), a thorough
study of the corresponding predictions on Galactic scales is
now crucial. This is particularly relevant because the in-
creasingly well-measured abundance and internal properties
of MW satellites can be affected by self-interactions at both
the host halo velocity scale (which depend on satellites’ typi-
cal velocities relative to the host) and subhalo velocity scales
(which depend on the internal velocity dispersion of individ-
ual subhalos).
Herein we investigate the effects of an SIDM model with a
generic, velocity-dependent self-interaction cross section on
the DM host halo and subhalos of MW-mass systems. We
focus on the physical mechanisms that shape the abundance
and properties of surviving and disrupted subhalos, setting
the stage for future analyses to constrain the SIDM cross sec-
tion at the velocity scale of MW-mass systems. This paper is
organized as follows: We describe our SIDM model in Sec-
tion 2 and our simulations in Section 3. We then present our
results, focusing on the properties of our host halos in Sec-
tion 4 and their subhalo populations in Section 5. We discuss
challenges and caveats in Section 6, we compare to previous
studies in Section 7, we consider prospects for SIDM con-
straints in Section 8, and we conclude in Section 9.
2. SIDM MODEL
We consider an SIDM model in which a DM particle χ
interacts under the exchange of a light mediator, which can
be either a scalar particle φ or a vector particle φµ. These
scenarios are respectively described by the interaction La-
grangians (Tulin & Yu 2018)
Lint =
{
gχχ¯χφ, scalar mediator
gχχ¯γµχφµ, vector mediator,
(1)
where gχ is a coupling constant and γµ are Dirac matrices.
Self-interactions governed by Equation 1 can be described
by a Yukawa potential
V (r) =±αχ
r
e−mφ/r, (2)
where r is the separation between DM particles, αχ ≡ g2χ/4pi
is the analog of the fine-structure constant in the dark sector,
and mφ is the mediator mass.
We focus on t-channel scattering, which leads to an ef-
fective differential scattering cross section (Ibe & Yu 2010;
Kummer et al. 2018)
dσ
dΩ
=
σ0
2
[
1+ v2w2 sin
2 ( θ
2
)]2 , (3)
where v is the relative velocity between interacting DM par-
ticles with mass mχ, w ≡ mφ/mχ is a characteristic veloc-
ity scale, σ0 ≡ 4piα2χm2χ/m4φ is the amplitude of the cross
section, and θ is the scattering angle in the center-of-mass
frame. For w v (in natural units), typically correspond-
ing to an MeV-scale mediator for a GeV-scale DM particle
mass, Equation 3 reduces to Rutherford-like scattering; for a
heavy mediator, it reduces to velocity-independent isotropic
scattering.
The corresponding momentum transfer cross section for
identical particles is given by (Kahlhoefer et al. 2014)
σT =
∫
dσ
dΩ
(
1− |cosθ|)dΩ. (4)
Note that σT is a function of v, w, and σ0. Finally, the total
cross section
σ =
∫
dσ
dΩ
dΩ (5)
determines the probability of DM self-interactions in our
numerical implementation (see Section 3.2). For the case
of isotropic, velocity-independent self-interactions, the total
cross section is related to σT and σ0 via σ = 2σT = 2piσ0.
At velocity scales v>w, the momentum transfer cross sec-
tion falls off as v−4; meanwhile, for v w, it flattens toward
its asymptotic value. Thus, for values of w that are small rel-
ative to the typical velocities in a virialized system, interac-
tions at low relative velocities are more effective at transfer-
ring momentum than interactions at high relative velocities.
In the context of MW-mass systems, this implies that inter-
actions among host halo particles and between host halo and
subhalo particles are less effective than interactions among
subhalo particles if w is small relative to the characteristic
velocity scale of the host (∼ 200 km s−1). On the other hand,
as w increases toward the velocity scale of the host halo,
subhalo–host halo and host halo–host halo interactions be-
come more significant.
The characteristic velocity scale w is an easily interpretable
quantity that captures much of the key physics that shapes
MW-mass systems in our two-parameter SIDM model. Thus,
we parameterize and refer to our simulations in terms of w,
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Figure 1. Momentum transfer cross sections for our SIDM model
variants as a function of relative scattering velocity. Each model
variant is labeled by w, the velocity scale above which the SIDM
cross section falls off as v−4. The velocity scale relevant for interac-
tions among host halo particles and between host halo and subhalo
particles is indicated by the “MW Host Halo” band. Shaded bands
indicate characteristic velocities for DM particles within the subha-
los expected to host classical and ultrafaint MW satellite galaxies.
and we choose σ0/mχ for each model so that the momentum
transfer cross section at the velocity scales of interest yields
enough self-interactions to produce observable effects, but
not so many that the models are likely ruled out already. In
particular, we study the four following SIDM model variants:
1. w10: a model with w = 10 km s−1, σ0/mχ =
8/pi cm2 g−1, for which self-interactions within subha-
los are significant, but self-interactions at the host halo
velocity scale are negligible;
2. w100: a model with w = 100 km s−1, σ0/mχ =
2/pi cm2 g−1, for which self-interactions within low-
mass subhalos are less significant than in w10, but self-
interactions at the host halo velocity scale are more sig-
nificant;
3. w200: a model with w = 200 km s−1, σ0/mχ =
2/pi cm2 g−1, for which self-interactions within
low-mass subhalos are identical to w100, but self-
interactions at the host halo velocity scale are more
significant;
4. w500: a model with w = 500 km s−1, σ0/mχ =
1/pi cm2 g−1, for which self-interactions within low-
mass subhalos are the least significant among our
model variants, while interactions at the host halo ve-
locity scale are similar to w200 (though slightly more
effective at high velocities). Scattering in this model
is isotropic and velocity independent on the scales
relevant for MW-mass systems, meaning that self-
interactions with large scattering angles at high relative
velocities are potentially significant.
Figure 1 shows the momentum transfer cross section corre-
sponding to each model variant, and their main properties are
summarized in Table 1.
3. SIMULATIONS
3.1. General Description
For each SIDM model variant, we resimulate the same
MW-mass halo using fixed initial conditions. This host halo
is chosen from the suite of CDM-only MW-mass zoom-in
simulations presented in Mao et al. (2015). The highest-
resolution particles in our zoom-in simulations have a mass
of 3× 105 M h−1, and the softening length in the highest-
resolution regions is 170 pc h−1. Halo catalogs and merger
trees were generated using the ROCKSTAR halo finder and
the CONSISTENT-TREES merger tree code (Behroozi et al.
2013a,b). Throughout we define virial quantities using the
Bryan & Norman (1998) critical overdensity ∆vir ' 99.2, as
appropriate for the cosmological parameters in our simula-
tions: h = 0.7, Ωm = 0.286, Ωb = 0.047, and ΩΛ = 0.714.
3.2. SIDM Implementation
To implement DM self-interactions in our zoom-in simu-
lations, we follow the prescription in Banerjee et al. (2020).
Briefly, self-interactions are implemented using a modified
version of the GADGET-2 N-body code that allows DM par-
ticles to transfer momentum and energy with an interaction
probability set by the total SIDM cross section in Equation 5
and a scattering angle drawn from the distribution given by
Equation 3. We refer the reader to Banerjee et al. (2020) for
the details of our SIDM implementation.
3.3. Subhalo Definitions and Resolution Cuts
Throughout we employ the following definitions when re-
ferring to “subhalos”:
1. Surviving subhalos: DM systems identified by ROCK-
STAR as distinct bound objects within the virial radius
of the MW host halo at z = 0;
2. Disrupted subhalos: DM systems that have crossed
within the virial radius of the MW halo at any simula-
tion snapshot (where the virial radius of the MW halo
is evaluated as a function of time) but are no longer
identified as distinct bound objects by ROCKSTAR at
z = 0 because they have deposited the majority of their
particles onto the main-branch progenitor of the host
at any earlier snapshot. Operationally, we require the
descendant of each disrupted subhalo to be on the main
branch of the host, following Nadler et al. (2018).1
Subhalos in our CDM simulation are well resolved down
to a maximum peak circular velocity of Vpeak ≈ 10 km s−1,
1 For concreteness, we find that the average virial mass of disrupted subhalos
in our CDM simulation is ∼ 108 M at the time of disruption, and that
∼ 90% of these disrupting subhalos have virial masses below 109 M.
These values do not change significantly in our SIDM simulations.
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Table 1. Summary of SIDM Model Variants and Simulation Results.
Simulation w (km s−1) σ0/mχ (cm2 g
−1
) Cored Host Halo? Cored Subhalos? Ram Pressure Stripping? NSIDM/NCDM
CDM · · · · · · X X X 1.0
w10 10 8/pi X X X 0.82
w100 100 2/pi X X X 0.64
w200 200 2/pi X X X 0.65
w500 500 1/pi X X X 0.44
NOTE—SIDM model variants considered in this work and the main qualitative results of our zoom-in simulation of an MW-mass system for
each case. The first column lists the DM model, the second and third columns list the characteristic velocity scale and amplitude of the
self-interaction cross section for our SIDM model variants, the fourth (fifth) column lists whether the host halo (subhalos) are cored by
self-interactions, the sixth column lists whether subhalos are affected by ram pressure stripping due to self-interactions with the host, and the
seventh column lists the fraction of subhalos among our matched subhalo populations that survive to z = 0 relative to the number of surviving
subhalos with Vpeak > 20 km s−1 in our CDM simulation.
where Vpeak is the largest maximum circular velocity a halo
attains over its entire history (Mao et al. 2015; Nadler et al.
2019b). However, we caution that ROCKSTAR is optimized
for halo finding in collisionless DM simulations and there-
fore might be unable to reliably identify the more diffuse ha-
los present in SIDM simulations, particularly near the reso-
lution limit (X. Du, A. Peter, & C. Zeng 2019, private com-
munication). Thus, we study subhalos above a very conser-
vative resolution limit of Vpeak > 20 km s−1 in our CDM sim-
ulation. This cut is applied to both surviving and disrupted
subhalos, and it corresponds to subhalos resolved with more
than ∼ 1000 particles at the time Vpeak is achieved.
Due to this conservative resolution cut, we expect that ar-
tificial subhalo disruption (e.g., van den Bosch et al. 2018;
van den Bosch & Ogiya 2018) is not a large source of error
relative to accurate halo finding in the analysis of our SIDM
simulations. It is important to note that our working defini-
tion of “subhalo disruption” cannot distinguish truly unbound
systems from those that fall below the resolution limit of our
simulations or the detection capabilities of our halo finder.
Nonetheless, convergence tests based on higher-resolution
resimulations of CDM and w500 presented in Appendix A
confirm that the trends reported in this paper, and particu-
larly the correlation between w and the severity of subhalo
disruption, are robust to the resolution of our simulations.
3.4. Subhalo Matching Procedure
For a fixed Vpeak threshold, different numbers of surviv-
ing and disrupted subhalos may exist in our CDM and
SIDM simulations at z = 0. Thus, to ensure that we ana-
lyze the same population of subhalos in CDM and SIDM,
we adopt a variable Vpeak threshold for our SIDM simula-
tions, denoted by Vthresh. We define Vthresh such that the
number of surviving-plus-disrupted subhalos with Vpeak >
Vthresh is equal to the number of such subhalos in CDM
with Vpeak > 20 km s−1.2 This yields thresholds of Vthresh =
[19.5,19.05,18.75,18.7] km s−1 for [w10,w100,w200,w500],
respectively. We have verified that these resolution cuts result
in the same population of subhalos on an object-by-object ba-
sis by inspecting the initial phase-space region corresponding
to each subhalo. We explore less conservative subhalo res-
olution thresholds in Appendix B, where we show that our
main findings are robust to the chosen Vpeak threshold.
We reiterate that authors have used various halo-finding al-
gorithms and SIDM implementations to study the effects of
self-interactions in MW-mass systems. Thus, direct compar-
isons of different simulations should be performed with care,
particularly near the resolution limit, where halo finder short-
comings and other spurious numerical effects are expected to
be most severe. We compare our findings to previous results
in Section 7.
4. SIDM EFFECTS ON THE MW HOST HALO
We now present our results, focusing on the properties of
the MW host halo and its subhalo population in each SIDM
model variant described above. Table 1 lists the main quali-
tative results of each simulation.
The virial mass of the MW host halo is virtually identical in
all of our simulations. However, the DM profile in the inner
regions of the host varies significantly as a function of w.
This is illustrated in Figure 2, which shows the density and
velocity dispersion profiles of the host in CDM and in each
of our SIDM model variants. As expected, SIDM models
with larger self-interaction cross sections at the velocity scale
set by the host’s velocity dispersion (∼ 200 km s−1) exhibit
cored density profiles, and the DM distribution in the inner
regions of these hosts is roughly isothermal, consistent with
previous findings (e.g., Davé et al. 2001; Colín et al. 2002;
Vogelsberger et al. 2012, 2019; Rocha et al. 2013; Robles
2 There are 154 surviving and disrupted subhalos in our CDM simulation
with Vpeak > 20 km s−1.
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Figure 2. SIDM effects on the host halo. Left panel: host halo density profiles for our SIDM model variants. Right panel: corresponding
velocity dispersion profiles. As the SIDM cross section at the characteristic velocity scale of the MW host halo increases, the inner regions of
the host become increasingly cored and thermalized. Note that the host halo density and velocity dispersion profiles are nearly indistinguishable
in CDM and w10.
et al. 2019). In contrast, the host halo in w10 is very similar
to that in CDM because self-interactions at the host’s velocity
scale are negligible in this case.3
As demonstrated by several authors (e.g., Kaplinghat et al.
2014; Sameie et al. 2018; Robles et al. 2019), these results
are expected to change in the presence of a central bary-
onic component such as the Galactic disk. In particular, be-
cause DM dynamically responds to the total (i.e., DM-plus-
baryonic) gravitational potential, we expect our host halos
to exhibit much smaller cores or even cusps in the presence
of baryons. Importantly, this implies that the findings dis-
cussed below on the disruption of SIDM subhalos are strictly
lower limits, since tidal disruption and ram pressure strip-
ping would be more severe for the denser, hotter host halo
expected in the presence of baryons.
To visualize the present-day DM structure in our simula-
tions, Figure 3 shows the DM particle density in the phase
space of radial distance versus radial velocity with respect
to the center of the host. We observe that the DM profiles
of both the host halo and its subhalos are less concentrated
in our SIDM simulations. This effect is more significant for
larger values of w; for example, visual inspection of Figure 3
suggests that many prominent substructures that survive in
CDM are completely disrupted in w500. We also find that
3 We have also examined the ellipticity profile of the host halo in each simu-
lation. We find that hosts in model variants with larger values of w are more
spherical, with typical ellipticities near unity, while the ellipticity profiles
in w10 and CDM rise from ∼ 0.9 in the inner regions to ∼ 1 at the virial
radius; these findings are consistent with many previous studies (see, e.g.,
Tulin & Yu 2018).
the phase-space density at small radii and low radial veloci-
ties with respect to the host center increases with w, imply-
ing that particles on radial orbits (i.e., those with high radial
velocities in our CDM simulation) are scattered onto tangen-
tial orbits owing to self-interactions. Finally, we note that
specific substructures in w10 appear more diffuse than their
counterparts in CDM, which arises as a result of the large
momentum transfer cross section at low relative velocities
for w10 (see Figure 1).
The differences in the host halo’s density and velocity dis-
persion profiles discussed above impact the post-infall evolu-
tion of subhalos. In particular, it is expected that the present-
day (z = 0) abundance and properties of subhalos are affected
by ram-pressure-like stripping due to self-interactions be-
tween subhalo and host halo particles, as well as by tidal
effects in the host halo’s gravitational field. We investigate
these effects in Section 5.2.
Thus, the host halo is cored and thermalized in the absence
of baryons if self-interactions are significant at the velocity
scale set by the host’s velocity dispersion. These effects will
be weakened in the presence of baryons.
5. SIDM EFFECTS ON MW SUBHALOS
Next, we examine the pre- and post-infall evolution of all
subhalos that fall into the host in each of our simulations. We
then compare the corresponding surviving subhalo popula-
tions at z = 0.
5.1. Pre-infall Subhalo Evolution
In this subsection, we explore the formation and evolution
of subhalos before they fall into the host.
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Figure 3. DM phase-space distributions for our zoom-in simulations of an MW-mass host halo in CDM and SIDM. The density of DM
particles in bins of radial velocity and radial distance from the center of the host is plotted for CDM (top left) and for three of our SIDM model
variants: w10 (top right), w100 (bottom left), and w500 (bottom right). These distributions qualitatively illustrate several of our main findings.
For example, the host halo (labeled A) has a very similar phase space distribution in CDM and w10, while subhalos in w10 (e.g., subhalo B)
are somewhat less dense because of the large self-interaction cross section at low relative velocities in this case (see Figure 1). On the other
hand, particles near the center of the host in w200 and w500 are preferentially scattered onto tangential orbits, and many of the low-mass subhalos
that survive in CDM (e.g., subhalo C) are disrupted in these SIDM model variants owing to a combination of ram pressure stripping caused by
self-interactions with the host and tidal stripping.
5.1.1. Subhalo Assembly
First, we investigate the formation and initial properties of
subhalos in each of our simulations. To do so, we plot the
distribution of Vpeak for each SIDM model variant in the left
panel of Figure 4, and we compare these to CDM. The Vpeak
distributions are calculated using the matched subhalo popu-
lations defined in Section 3.4, and they include both subha-
los that survive to z = 0 and those that fall into the host halo
before disrupting. We find that the Vpeak distributions are un-
changed relative to CDM. In addition, the distributions of the
time at which Vpeak is achieved are nearly identical among the
simulations, although there is a small amount of scatter on a
subhalo-by-subhalo basis.
Thus, the formation times and initial properties of subhalos
in all of our SIDM simulations—defined in terms of Vpeak and
the time at which Vpeak occurs—are statistically identical to
the corresponding quantities in our CDM simulation.
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Figure 4. SIDM effects on subhalos before infall. Left panel: distributions of peak maximum circular velocity for surviving and disrupted
subhalos in each SIDM model variant (unfilled histograms) vs. CDM (filled histogram). Right panel: cumulative distributions of the ratio
of maximum circular velocity evaluated at the time of each subhalo’s accretion onto the host divided by the peak maximum circular velocity
along the main branch of the subhalo. Although subhalo assembly is statistically identical in CDM and SIDM, subhalos are mildly stripped by
self-interactions prior to accretion onto the host halo in our SIDM simulations.
5.1.2. Effects of Early Self-interactions
Next, we assess the effects of self-interactions on subhalos
before infall into the host. In particular, the right panel of
Figure 4 shows the cumulative distribution of maximum cir-
cular velocity evaluated at the time of accretion onto the host,
Vacc, divided by Vpeak.4 This quantity captures the impact of
self-interactions between the early time at which Vpeak is usu-
ally achieved (zpeak ∼ 3 for surviving subhalos, on average)
and the time of accretion (zacc ∼ 1 for surviving subhalos, on
average). These characteristic peak and infall times are very
similar among our CDM and SIDM simulations.
We observe a subtle but systematic trend in Vacc/Vpeak as a
function of the characteristic self-interaction velocity scale w.
In particular, the low-Vacc/Vpeak tail of this distribution, which
is present in CDM and results from pre-infall tidal strip-
ping (e.g., Behroozi et al. 2014; Wetzel et al. 2015), is more
prominent in SIDM. This difference becomes increasingly
pronounced for SIDM model variants with larger values of w,
indicating that self-interactions at the typical relative velocity
scale affect subhalos during pre-infall tidal stripping.
This finding is consistent with the fact that regions out-
side the conventional virial radius of the host halo can be
quite dense (note that the self-interaction rate depends on
the physical density, rather than the comoving density). In
particular, typical splashback boundaries for MW-mass ha-
los extend to ∼ 1.5 times the conventional virial radius (e.g.,
Adhikari et al. 2014; Diemer & Kravtsov 2014; More et al.
2015). Accordingly, we find that there is a noticeably smaller
difference in the low-Vacc/Vpeak tail relative to CDM if Vacc is
4 Accretion is defined as the snapshot at which the center of a subhalo crosses
into the virial radius of the host. Note that the virial radius is measured as
a function of time using the ROCKSTAR output.
evaluated when subhalos cross within twice the virial radius
of the host.
In Section 5.3.3, we show that the density profiles of sub-
halos in our SIDM model variants that exhibit appreciable
changes to their Vacc/Vpeak distribution relative to CDM (i.e.,
all model variants other than w10) already exhibit cored den-
sity profiles at infall. We provide a physical interpretation of
the scaling with w in Section 5.2.1.
Thus, subhalos in our SIDM simulations are affected by
self-interactions before accretion onto the host, leading to
lower values of Vacc/Vpeak relative to subhalos in CDM.
5.2. Post-infall Subhalo Evolution
We now explore the evolution of subhalos in our SIDM
model variants after infall into the host. In particular, we de-
scribe the physical effects that influence subhalos after infall,
and we investigate subhalo disruption in our simulations.
5.2.1. Physical Effects
After infall, two main effects shape the subhalo popula-
tions in our SIDM simulations:
1. Tidal stripping: The gravitational field of the host halo
tidally strips material from subhalos. Note that this
effect is velocity independent; in particular, assuming
spherical symmetry and considering tidal interactions
with the host halo only, the mass-loss rate due to tidal
stripping can be written as (van den Bosch et al. 2018)(
M˙sub
Msub
)
tidal
= −
1
α
1
τorb
Msub(> rt)
Msub
, (6)
where M(> rt) is the mass of a subhalo contained out-
side of its tidal radius, τorb is the orbital timescale, and
α is an order-unity constant. Note that the tidal ra-
dius (i.e., the distance from the center of the subhalo
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at which the host’s tidal force is balanced by the sub-
halo’s own gravity) depends on both the host halo and
subhalo density profiles and the distance of the sub-
halo from the center of the host. Although tidal strip-
ping occurs in CDM-only simulations, differences in
the strength of this effect may arise in SIDM owing to
changes in the density profiles of both the host halo and
its subhalos caused by self-interactions. In particular,
we expect that the cored density profile of the host halo
in SIDM reduces the efficacy of tidal stripping relative
to CDM for a fixed subhalo profile. However, as dis-
cussed in, e.g., Kahlhoefer et al. (2019), the cores in-
duced in SIDM subhalos make them more susceptible
to disruption in a fixed tidal field.
2. Ram pressure stripping: Self-interactions with host
halo particles drive material out of subhalos. Taken
to the extreme, this process can completely dissoci-
ate subhalos in a phenomenon known as subhalo evap-
oration (see, e.g., Vogelsberger et al. 2019). Unlike
tidal stripping, which strips mass from the outskirts
of subhalos, ram pressure interactions remove mate-
rial throughout their extent. In particular, subhalos
experience an effective pressure owing to interactions
with the host; the mass-loss rate due to these ram-
pressure-like interactions can be written as (Kummer
et al. 2018)(
M˙sub
Msub
)
ram−pressure
= −χe(vsub,vesc,sub)ρhost(r)vsub(r)
σ(vsub)
mχ
,
(7)
where χe is an order-unity factor, vsub(r) is the veloc-
ity of the subhalo relative to the host evaluated along
its orbit, vesc,sub is the escape velocity from the sub-
halo (which depends on the subhalo’s density profile),
ρhost(r) is the density of the host halo evaluated along
the subhalo’s orbit, and σ(vsub)/mχ is the total SIDM
cross section evaluated at vsub.
The mass-loss rate due to ram pressure stripping de-
pends on the SIDM cross section at the typical rela-
tive velocity scale between the host halo and its sub-
halos, which is set by the gravitational potential of the
host. Because SIDM models with larger values of w
have larger self-interaction cross sections at this ve-
locity scale, the strength of ram pressure stripping in-
creases with w.
By integrating Equation 7 over the course of a typical or-
bit, we find that subhalos with close pericentric passages to
the center of the host (dperi . 70 kpc) can lose ∼ 10% of
their infall mass owing to ram pressure stripping alone, for an
isotropic cross section of σ/mχ = 2 cm2 g
−1. Combined with
tidal effects, and particularly the fact that subhalos with cored
density profiles are more susceptible to tidal disruption, our
calculations suggest that self-interactions at the relevant ve-
locity scales are sufficient to severely strip subhalos in SIDM
model variants with large values of w. We have confirmed
that this behavior—i.e., increased mass loss relative to CDM
followed by disruption due to tidal forces at pericenter—is in-
deed the dominant disruption mechanism in our simulations
by inspecting the histories of matched subhalos that survive
in CDM but disrupt in our SIDM model variants.
Thus, the evolution of subhalos after infall in our SIDM
simulations is driven by a combination of tidal forces and
ram-pressure stripping. Ram-pressure stripping is more ef-
fective for models with larger values of w, which have larger
self-interaction cross sections at the host halo velocity scale.
This mass-loss mechanism makes subhalos more susceptible
to tidal disruption, particularly during pericentric passages.
5.2.2. Subhalo Disruption
We now analyze our simulation results to quantitatively
assess the impact of the effects described in the previous
section. In our CDM simulation, roughly half of all sub-
halos with Vpeak > 20 km s−1 that fell into the host disrupt
by z = 0. We find that even larger fractions of subhalos dis-
rupt in our SIDM simulations, as indicated by the surviving
subhalo fractions in Table 1. Based on the arguments in Sec-
tion 5.2.1, we expect that extra subhalo disruption relative to
CDM should be correlated with the SIDM cross section at the
typical relative velocity scale set by the host’s gravitational
potential, such that subhalos are disrupted more efficiently in
SIDM model variants with larger values of w. As demon-
strated below, our results are consistent with this hypothesis.
To build intuition about subhalo disruption in our SIDM
model, we first investigate the distribution of pericentric dis-
tance, dperi, for disrupted subhalos in each simulation. We
define dperi as the distance of closest approach to the cen-
ter of the host halo during each subhalo’s first orbit around
the host after infall.5 The top left and top right panels of
Figure 5 show the distributions of dperi for surviving and dis-
rupted subhalos in each of our simulations. We observe that
the amount of subhalo disruption at large pericentric dis-
tances increases strongly as a function of w, and we have ver-
ified that most of this disruption occurs during early pericen-
tric passages. Subhalos in our SIDM simulations therefore
disrupt at distances at which subhalos in our CDM simula-
tion almost never disrupt, indicating that disruption is driven
by tidal effects during early pericentric passages that are en-
hanced by ram-pressure-like interactions with the host.
To explore the data further, the bottom left and bottom right
panels of Figure 5 show the distributions of maximum rel-
ative velocity with respect to the host evaluated along the
orbit of each surviving and disrupted subhalo. The max-
imum relative velocity distributions for disrupted subhalos
in our SIDM model variants peak strongly relative to CDM
above ∼ 200 km s−1, and the strength of this effect is corre-
lated with w. This demonstrates that extra subhalo disruption
relative to CDM is mainly driven by self-interactions at rel-
5 For infalling subhalos that have not completed a pericentric passage, we set
dperi equal to the distance from the center of the host at z = 0 (for surviving
subhalos) or at the time of disruption (for disrupted subhalos).
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Figure 5. Properties of surviving and disrupted subhalos. Top left panel: distribution of the distance of closest approach to the host at first
pericentric passage for surviving subhalos in each of our SIDM model variants (open histograms) vs. CDM (filled histogram). Top right
panel: same as the top left panel, but for disrupted subhalos (surviving and disrupted subhalos are defined in Section 3.3). Bottom left panel:
distribution of the maximum relative velocity with respect to the host halo evaluated along the orbit of each surviving subhalo. Bottom
right panel: same as the bottom left panel, but for disrupted subhalos. Many subhalos that survive in our CDM simulation disrupt during
early pericentric passages in our SIDM simulations, because ram pressure stripping caused by self-interactions with the host at large relative
velocities makes subhalos more susceptible to tidal disruption.
ative velocities above ∼ 200 km s−1, and that subhalos are
more easily disrupted in SIDM model variants with larger
momentum transfer cross sections at these velocity scales.6
This picture is consistent with the fact that w500—which
has the largest momentum transfer cross section at large rel-
ative velocity scales—exhibits the most subhalo disruption
among our SIDM model variants (see Section 5.3.1). Thus,
our findings support the hypothesis that a combination of ram
pressure and tidal stripping increases the amount of subhalo
disruption relative to CDM.
6 The bottom left panel of Figure 5 also indicates that a small fraction of
surviving subhalos are impacted by ram pressure stripping owing to high-
velocity interactions; we return to this point in Section 5.3.3.
Thus, a significant fraction of the subhalos that survive
in our CDM simulation are disrupted in our SIDM simula-
tions due to extra mass loss caused by ram-pressure stripping
from self-interactions with the host at large relative veloci-
ties, which makes these subhalos more susceptible to tidal
disruption. This effect is more severe for models with larger
values of w.
5.3. Surviving Subhalo Populations
We now examine the population statistics and properties of
surviving subhalos in our SIDM simulations.
5.3.1. Population Statistics
In the left panel of Figure 6, we plot the cumulative num-
ber of surviving subhalos as a function of Vpeak in each of our
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Figure 6. Surviving subhalo populations. Left panel: peak velocity function of subhalos in our CDM simulation and in each of our SIDM
model variants. Right panel: corresponding radial subhalo distributions in units of the host halo virial radius in each simulation. The abundance
of surviving subhalos is reduced in SIDM, and the strength of this effect increases with w owing to more significant ram pressure stripping
caused by self-interactions with the host. Subhalo disruption in our SIDM simulations is particularly severe in the inner regions of the host
halo.
simulations. We find that the abundance of surviving subha-
los monotonically decreases as a function of w. In particular,
subhalo abundances are re-scaled in an approximately Vpeak-
independent fashion, and the number of surviving subhalos in
SIDM divided by the number of surviving subhalos in CDM
ranges from∼ 0.8 in w10 to∼ 0.4 in w500. We have chosen to
present these results in terms of Vpeak because this quantity is
expected to correlate more directly with satellite luminosity
than, e.g., present-day virial mass or maximum circular ve-
locity (e.g., Reddick et al. 2013; Lehmann et al. 2017; Nadler
et al. 2019b, Nadler & Wechsler et al. 2020).
We have verified that similar trends hold for the present-
day Mvir and Vmax functions; however, because these distri-
butions mix the pre-infall properties and post-infall evolution
of surviving subhalos, their shapes differ in detail from the
corresponding peak functions. For example, we observe an
enhancement in subhalo abundance at large values of Vmax for
all of our SIDM model variants relative to CDM. We specu-
late that this is a consequence of less effective tidal stripping
for surviving subhalos in our SIDM simulations, which oc-
cupy tangential orbits around a cored host halo. Previous
authors have also found hints of this trend (e.g., Rocha et al.
2013; also see Section 7).
In the right panel of Figure 6, we plot the radial distri-
bution of surviving subhalos in each simulation. Similar to
the Vpeak functions, we find that the radial distributions are ap-
proximately rescaled in the outer regions. However, disrup-
tion becomes increasingly severe near the center of the host
(i.e., r/Rvir . 0.5), causing NSIDM/NCDM to decrease sharply
in that region, except for the “spikes” at small radii observed
for w10 and w200. These correspond to either one or two addi-
tional subhalos near the center of these hosts; we investigate
these subhalos further in Appendix C.
Thus, subhalo disruption due to self-interactions approxi-
mately re-scales the number of surviving subhalos relative to
CDM as a function of Vpeak. Subhalo disruption is particu-
larly effective in the inner regions of the host halo, and it is
more severe for models with larger values of w.
5.3.2. Orbital Anisotropy Profile
An immediate consequence of the ram-pressure-plus-tidal-
stripping disruption mechanism described above is that sub-
halos on radial orbits are preferentially disrupted. We there-
fore expect surviving subhalos in SIDM to preferentially oc-
cupy tangential orbits relative to surviving subhalos in CDM.
We test this by measuring the orbital anisotropy profile
β(r)≡ 1− σt(r)
2
2σr(r)2
, (8)
where σr and σt denote the radial and tangential velocity
dispersion of subhalos, respectively. Note that β < 0 cor-
responds to a tangentially biased orbital distribution, β = 0
corresponds to an isotropic orbital distribution, and the max-
imum allowed value of β = 1 corresponds to a purely radial
orbital distribution.
We measure β(r) by calculating the radial and tangential
velocity distributions of subhalos in the frame of the host
halo, binning subhalos in distance from the center of the host.
The result is shown in Figure 7. We find that the orbital
anisotropy profile rises toward the outskirts of the host halo
in our SIDM simulations, while it is roughly flat in CDM.
As expected based on the results in Section 5.2.2, surviving
subhalos preferentially occupy tangential orbits in our SIDM
simulations, and this effect is more significant for model vari-
ants with larger values of w, for which subhalo disruption via
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Figure 7. Orbital anisotropy profile of subhalos in our SIDM sim-
ulations. Surviving subhalos in SIDM model variants with larger
values of w occupy tangentially biased orbits relative to CDM. This
occurs because a combination of ram pressure and tidal stripping
preferentially disrupts subhalos on radial orbits.
ram pressure plus tidal stripping is more severe.7 We ob-
serve a similar trend for anisotropy profiles computed using
the DM particles belonging to the host halo in each simula-
tion, although the magnitude of the effect is less severe in
this case. An interesting consequence of this effect is that,
at fixed Vpeak, surviving subhalos in our SIDM simulations
tend to be more massive on average than their counterparts
in CDM, since they are less susceptible to tidal stripping on
tangential orbits; however, this difference largely vanishes if
subhalos are matched based on their orbital properties.
These results are interesting in light of recent high-
precision measurements of the orbital properties of MW
satellites enabled by Gaia (e.g., Fritz et al. 2018; Gaia Collab-
oration et al. 2018; Simon 2018). In particular, recent studies
of the orbital anisotropy profile find that the typically flat β(r)
profiles found in DM–only simulations are in tension with the
observed velocity anisotropy profile of MW satellites (Riley
et al. 2019). Baryonic effects, and particularly the tidal in-
fluence of the Galactic disk, affect the β(r) profile in a sim-
ilar manner to ram pressure stripping in our SIDM simula-
tions by disrupting subhalos on radial orbits near the center
of the host. However, as noted by Riley et al. (2019), the
changes to β(r) due to baryonic physics only resolve the dis-
crepancy with the observed profile if the Galactic disk is suf-
ficiently massive, which in turn depends on the prescription
for baryonic feedback and the mass accretion history of the
MW system. Adding baryonic subhalo disruption to an or-
bital distribution that is already tangentially biased owing to
self-interactions may result in even more tangential bias than
7 The amplitudes of the β(r) profiles at small radii are sensitive to the choice
of radial binning because there are few resolved subhalos in the inner re-
gions. However, the overall shape of β(r) and the trends with w are robust.
observed in the inner regions of the MW, potentially yielding
an upper limit on the SIDM cross section at ∼ 200 km s−1.
Thus, surviving subhalos in SIDM occupy tangentially bi-
ased orbits relative to subhalos in CDM, leaving a systematic
imprint on the orbital anisotropy profile.
5.3.3. Subhalo Profiles
Because the momentum transfer cross section in our SIDM
model scales as v−4 above the characteristic velocity scale w,
self-interactions at low relative velocities are strictly more
efficient at transferring momentum than interactions at high
relative velocities. Thus, we expect the density profiles of
low-mass subhalos in our SIDM simulations to be impacted
by self-interactions. In contrast to subhalo disruption, it is
not clear a priori which SIDM model variants will most sig-
nificantly affect subhalo profiles, since both self-interactions
within subhalos and self-interactions with the host halo po-
tentially impact subhalo density profiles.
To investigate the impact of self-interactions on subhalo
density profiles, we select representative subhalos in our
CDM simulation, and we find the corresponding subhalos in
our SIDM simulations by matching on Vpeak, accretion time,
and pericentric distance. We then select the particles in the
initial phase-space region associated with these matched sub-
halos and we track the evolution of their density profiles un-
til z = 0. Figure 8 shows the results of this procedure for
a particular set of subhalos matched to a CDM subhalo with
Vpeak≈ 40 km s−1 and accretion time zacc≈ 1 that passes close
to the center of the host (dperi ≈ 70 kpc). We show the density
profiles of these matched subhalos at the time of accretion
onto the host and at z = 0; we also show the density profile
of a subhalo in w500 with similar Vpeak and zacc that does not
pass close to the center of its host (dperi ≈ 160 kpc).
We find that subhalos in SIDM model variants with larger
values of w have lower inner densities and are more cored,
i.e., their inner density profiles are flatter as a function of
distance from the center of the subhalo than in CDM. We in-
terpret this as a consequence of ram pressure stripping; even
though self-interactions within subhalos are more effective
for SIDM models with smaller values of w, interactions with
the host at large relative velocities significantly alter the inner
profiles of subhalos in model variants with larger values of w.
As indicated by Figure 8, we find that—at fixed Vpeak and
zacc—subhalos with closer pericentric passages to the cen-
ter of the host are significantly more cored. Detailed orbital
modeling of satellites in MW-mass systems is therefore cru-
cial in order to interpret the inferred DM density profiles of
their subhalos.
We find that the circular velocity profiles of subhalos with
close pericentric passages are significantly altered relative
to CDM, as expected based on the changes to their den-
sity profiles and consistent with previous findings (Vogels-
berger et al. 2012; Zavala et al. 2013; Robles et al. 2017,
2019; Fitts et al. 2019; Sameie et al. 2020). This has impli-
cations for SIDM solutions to the diversity and “too big to
fail” problems concerning MW satellites (Kahlhoefer et al.
2019; Zavala et al. 2019), although baryonic feedback mech-
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Figure 8. DM profiles of a matched set of surviving subhalos in our CDM and SIDM simulations. Density profiles defined by the initial
set of bound particles are shown for the same subhalo with Vpeak ≈ 40 km s−1 and zacc ≈ 1 at the time of accretion onto the host (left panel)
and at z = 0 (middle panel). Subhalos in model variants with larger values of w have lower-amplitude, flatter inner density profiles owing to
self-interactions with the host halo. The light-blue line in the middle panel shows the density profile for a subhalo with similar Vpeak and zacc but
with a large pericentric distance (dperi ≈ 160 kpc). The discrepancy between this profile and that of the corresponding low-pericenter subhalo
demonstrates that the impact of self-interactions on subhalo density profiles depends sensitively on their orbital properties. The right panel
shows the corresponding circular velocity profile for each subhalo at z = 0.
anisms, including heating from supernova feedback, can also
reduce and flatten subhalos’ central density profiles (Pontzen
& Governato 2012; Brooks et al. 2013; Creasey et al. 2017;
Santos-Santos et al. 2018; Read et al. 2019). However, if
cores are created by stellar feedback, then subhalos’ inner
density profiles are expected to be correlated with their galax-
ies’ star formation histories (e.g., Read et al. 2019). Mean-
while, in SIDM, we expect the inner amplitude and flatness
of subhalos’ density profiles to correlate most directly with
their orbital histories, which can be encapsulated by their in-
fall times and orbital eccentricities.
Thus, surviving subhalos in SIDM models with larger val-
ues of w have lower-amplitude, flatter density profiles relative
to their CDM counterparts. The magnitude of this effect de-
pends on subhalos’ orbital properties such as their infall time
and distance of closest approach to the center of the host, and
this effect is more significant for larger values of w.
6. CHALLENGES
We now discuss several caveats and systematics associated
with our analysis and main results.
6.1. Numerical Effects
Various halo-finding algorithms, including SUBFIND,
AHF, and ROCKSTAR have been used to identify and track
halos in cosmological SIDM simulations. Several authors
have thoroughly compared these algorithms in the context
of CDM simulations (e.g., Knebe et al. 2011; Srisawat et al.
2013). However, the pros and cons of different halo finders
and merger tree algorithms are largely unknown for SIDM
simulations, and a comprehensive comparison study is cru-
cial in order to go beyond the statistical halo matching tech-
nique employed in this paper. Such a study would also be
relevant for robust halo finding in hydrodynamic simulations,
where baryonic effects like supernova feedback can substan-
tially alter density profiles relative to CDM.
Meanwhile, resolution effects (including artificial disrup-
tion; van den Bosch et al. 2018; van den Bosch & Ogiya
2018) are always important to mitigate when analyzing sub-
structure in cosmological simulations, particularly if the
abundance of objects near the resolution limit is important.
Thus, a detailed study of the underlying mechanisms and
numerical stability of subhalo disruption in the presence of
self-interactions using extremely high-resolution simulations
is another important avenue for future work.
6.2. Sample Variance
Because we have simulated a fixed realization of an MW
system for various SIDM model variants, we have clearly not
sampled a cosmologically representative range of host halo
mass accretion histories. Doing so will add scatter to the pre-
diction for the amount of subhalo disruption in SIDM relative
to CDM because the number of infalling subhalos and their
properties depend on the mass accretion history of the host
(e.g., Mao et al. 2015). However, the main physical trends
we report, and particularly the correlation between the sever-
ity of subhalo disruption and the SIDM cross section eval-
uated at the host halo velocity scale, should not be affected
by marginalizing over mass accretion histories. We plan to
test this explicitly by running a suite of zoom-in SIDM simu-
lations. When analyzing MW satellites specifically, certain
features of the MW system, such as the properties of the
Large Magellanic Cloud system and major accretion events
inferred from Gaia data, may lessen the impact of this uncer-
tainty by constraining the allowed range of assembly histo-
ries (e.g., Nadler & Wechsler et al. 2020).
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6.3. Baryonic Effects
Our analysis is meant to provide insights into the basic
physical mechanisms that shape the properties of the MW
system in the presence of DM self-interactions. Although we
do not include baryonic effects in our simulations, a num-
ber of authors have studied SIDM effects on MW and dwarf
galaxy scales in the presence of baryons (Kaplinghat et al.
2014; Fry et al. 2015; Robles et al. 2017, 2019; Elbert et al.
2018; Sameie et al. 2018; Fitts et al. 2019). These studies
have revealed that including baryons impacts both the host
halo and subhalos in SIDM-only simulations. We now dis-
cuss these effects in light of our findings.
6.3.1. Changes to Density Profiles
One of the key predictions of the above studies is that the
presence of baryons changes SIDM host halo profiles. This
occurs because SIDM dynamically responds to the total (i.e.,
DM-plus-baryonic) gravitational potential (e.g., Kaplinghat
et al. 2014; Sameie et al. 2018; Robles et al. 2019). This
response results in a cuspier host that is nearly indistinguish-
able from the host halo in a CDM-plus-baryon simulation.
Because this process makes the host cuspier, the subhalo dis-
ruption effects reported in this paper should be viewed as
lower limits, since both tidal effects and ram pressure strip-
ping will be enhanced in the presence of baryons owing to
the host’s cuspier inner density profile and increased veloc-
ity dispersion. As discussed by Kahlhoefer et al. (2019), we
do not expect the change to the host halo’s density profile
to significantly alter surviving subhalo populations, since the
host’s profile only changes within the few inner kiloparsecs,
where very few subhalos survive in our SIDM simulations
(see, e.g., Figures 5 and 6). However, including the Galactic
disk significantly enhances the likelihood of disruption for
subhalos with dperi . 20 kpc (e.g., Garrison-Kimmel et al.
2017).
Unlike the host halo, we do not expect the density profiles
of subhalos in our SIDM simulations to change appreciably
in the presence of baryons, although they may become more
cored owing to tidal interactions with the cuspier host halo
and with the Galactic disk. In particular, faint satellites have
extremely low stellar masses, which makes both heating from
supernova feedback and adiabatic contraction of the DM pro-
file negligible (e.g., Elbert et al. 2015, 2018). In other words,
the presence of a central dwarf galaxy has little effect on the
DM profile of its subhalo.
6.3.2. Accelerated Core Collapse
By choosing SIDM model variants with reasonably small
self-interaction cross sections at all but the lowest veloc-
ity scales, we have explicitly avoided studying gravothermal
core collapse (Balberg et al. 2002; Ahn & Shapiro 2005;
Koda & Shapiro 2011). Of particular relevance for subha-
los orbiting the MW, recent analyses demonstrate that the
timescale for core collapse can be significantly shortened ow-
ing to tidal stripping by the Galactic disk (Kahlhoefer et al.
2019; Nishikawa et al. 2020). This accelerated core collapse
mechanism has been used to argue that the survival of dense
satellites near the center of the MW, and particularly the
apparent anticorrelation between satellites’ pericentric dis-
tances and their inferred central DM densities, is a unique
signature of SIDM (Kaplinghat et al. 2019b).
We have chosen to study models in which core collapse
is not likely to occur over the timescale of our simulations
because this generally requires a very large SIDM cross sec-
tion, at least at low velocities (e.g., σT/mχ & 3 cm2 g
−1
at v ∼ 30 km s−1; Kahlhoefer et al. 2019; Nishikawa et al.
2020). This makes the effect somewhat model dependent be-
cause such large cross section amplitudes are likely ruled out
by MW satellite abundances for velocity-independent scat-
tering. Furthermore, it is important to study the region of pa-
rameter space for velocity-dependent SIDM models that does
not result in core-collapsed MW subhalos, since it is not clear
whether core collapse is required by the current data.
7. COMPARISON TO PREVIOUS STUDIES
Comparing our results to previous studies of SIDM effects
on MW-mass systems is not straightforward. For clarity, we
limit this discussion to a comparison of results for subhalo
abundances. The following theoretical systematics should be
kept in mind throughout the discussion in this section:
1. SIDM cross section (amplitude and velocity depen-
dence): Authors have studied a variety of velocity-
dependent SIDM models with different cross section
amplitudes. We comment on case-by-case compar-
isons with our model below.
2. SIDM implementation: Most SIDM implementations
in the literature are functionally identical to ours, with
the exception of Vogelsberger et al. (2012) (and, by
extension, Zavala et al. 2013 and Dooley et al. 2016).
In particular, we determine whether a given DM par-
ticle scatters by calculating the interaction probability
with all neighboring particles within a sphere of ra-
dius equal to the softening length, while Vogelsberger
et al. (2012) calculate interaction probabilities using
the k = 38 nearest neighbors of each particle.
3. Halo finding: Various halo-finding algorithms have
been used to analyze SIDM simulations of MW-mass
systems.
Our findings are in reasonable agreement with Vogels-
berger et al. (2012). These authors claim that a velocity-
independent SIDM model with σT/mχ = 10 cm2 g
−1 (i.e., our
w500 model with a 10 times higher cross section) is ruled
out by the abundance and density profiles of bright MW
satellites. These authors find that subhalo disruption in this
velocity-independent model is driven by evaporation due to
subhalo–host halo interactions, similar to our conclusion that
ram pressure stripping plus tidal effects drive subhalo dis-
ruption in w500. Vogelsberger et al. (2012) also find that two
velocity-dependent SIDM models, both of which are similar
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to our w10 model but with slightly larger momentum trans-
fer cross sections at the host halo velocity scale, are allowed
by the MW satellite data. By visual inspection, it appears
that subhalo abundances are suppressed by ∼ 20% relative
to CDM in these models, with the largest differences at low
subhalo masses. The amount of subhalo disruption in our
w10 model is consistent with this result (see, e.g., Figure 6),
although we find that the suppression of subhalo abundance
relative to CDM is a much weaker function of subhalo mass,
possibly due to our use of a matched subhalo sample.
Rocha et al. (2013) find that the abundance of MW sub-
halos in SIDM models with velocity-independent cross sec-
tions of σ/mχ = 0.1 and 1 cm2 g
−1 is very similar to that in
CDM. However, they find that ∼ 20% fewer subhalos sur-
vive near the inner regions of their host halo (r . 0.5Rvir) for
σ/mχ = 1 cm2 g
−1, corresponding to σT/mχ = 0.5 cm2 g
−1.
Our w100 model, in which ∼ 35% of subhalos are disrupted
relative to CDM, has a similar momentum transfer cross sec-
tion at the MW-mass host halo velocity scale. Thus, our
results are roughly consistent with Rocha et al. (2013), al-
though further investigation into halo finder differences is
needed to assess whether the remaining ∼ 15% discrepancy
is due to the velocity dependence of our w100 model. Inter-
estingly, Rocha et al. (2013) find that subhalo abundances
for σ/mχ = 0.1 cm2 g
−1 are identical to CDM at low Vmax,
and that there are actually more high-Vmax subhalos than
CDM in this case. Although we cannot compare our re-
sults to their 0.1 cm2 g−1 model directly, we similarly find
that the high-Vmax tail of the surviving subhalo distribution is
enhanced in our SIDM simulations relative to CDM, which
might be due to the fact that surviving subhalos occupy tan-
gential orbits on which tidal stripping is less severe.
Zavala et al. (2013) simulate velocity-independent SIDM
models with σT/mχ = 0.1, 1, and 10 cm2 g
−1, as well as
two velocity-dependent models that lie between our w10 and
w100 models at the MW-mass host halo velocity scale, but
which rise more steeply at low relative velocities. They find
that the only model that leads to a difference in substructure
abundance relative to CDM is σT/mχ = 10 cm2 g
−1, in stark
contrast to our finding that subhalo disruption is significant
in all of our model variants. This may be explained by the
difference in SIDM implementation, since interactions be-
tween subhalo and host halo particles are less likely in the
Zavala et al. (2013) implementation than in ours. In particu-
lar, our implementation allows interactions between any DM
particles within a softening-length-sized sphere, while the k-
nearest neighbors technique used in Zavala et al. (2013) does
not. Although Zavala et al. (2013) use the same SIDM im-
plementation as Vogelsberger et al. (2012), we speculate that
there is less of a discrepancy between our results and those of
Vogelsberger et al. (2012) because these authors only study
models in which the cross section is either negligible or ex-
tremely large at the host halo velocity scale.
We note that Dooley et al. (2016) study stellar stripping
using the same set of SIDM models and implementation as
Zavala et al. (2013). These authors reiterate that substructure
is only affected in the most extreme SIDM model, although
they remark that subhalos with close pericentric passages in
any of the models typically evaporate within ∼ 6 Gyr, which
is qualitatively consistent with our findings.
Finally, although they focus on the impact of adding a
Galactic disk to SIDM simulations, Robles et al. (2019) sim-
ulate MW host halos without disks in CDM and SIDM. The
subhalo Vmax functions and radial distributions shown in Rob-
les et al. (2019) suggest that ∼ 60% of subhalos survive in
their σT/mχ = 1 cm2 g
−1 model relative to CDM, which is
in reasonable agreement with our findings. Again, this ef-
fect is only noticeable at low Vmax. Like the results in Rocha
et al. (2013), and consistent with our findings, the SIDM-
only model in Robles et al. (2019) shows an enhancement in
the abundance of high-Vmax subhalos relative to CDM.
8. PROSPECTS FOR SIDM CONSTRAINTS
The effects reported in this work can be incorporated in
models of DM substructure in MW-mass systems in order
to constrain the SIDM cross section at relatively low veloc-
ity scales. For example, several authors have recently pro-
posed forward-modeling frameworks in which various DM
properties can be constrained based on the abundance of ob-
served MW satellites (e.g., Jethwa et al. 2018; Nadler et al.
2019a,b). These constraints are set by the fact that deviations
from CDM yield a suppression in the abundance of the low-
mass subhalos that are inferred to host faint satellite galaxies.
Incorporating our finding that subhalo disruption is driven
by the self-interaction cross section at the host halo velocity
scale will therefore yield an upper limit on the SIDM cross
section at∼ 200 km s−1. The precise value of this limit is dif-
ficult to forecast given the theoretical uncertainties discussed
above; thus, we plan to carry out this study comprehensively
in future work. Meanwhile, gaps and perturbations in stellar
streams—which are also sensitive to the abundance, radial
distribution, and density profiles of both surviving and dis-
rupted subhalos in the MW—can be used to place comple-
mentary constraints (e.g., Bovy 2016).
Our results suggest that placing an upper limit on the
SIDM cross section at velocity scales below∼ 200 km s−1 by
probing subhalo abundances is challenging, or at least highly
model dependent, since the abundance of surviving subhalos
is not very sensitive to the SIDM cross section below the ve-
locity scale of the host. However, if observations of the inner
density profiles of the faintest MW satellites unambiguously
favor cored or cuspy inner DM density profiles, it may be
possible to place a stringent limit on σT/mχ at low relative
velocities (e.g., ∼ 10 km s−1). Read et al. (2018) claim that
the cuspy halo profile inferred for the MW satellite Draco
places an upper bound on the velocity-independent SIDM
cross section of σ/mχ . 0.6 cm2 g
−1 (σT/mχ . 0.3 cm2 g
−1)
at 99% confidence. However, as we have argued, modula-
tions to subhalos’ density profiles in the presence of self-
interactions are highly dependent on their orbital histories;
in addition, it is not clear how the constraint in Read et al.
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(2018) translates to the velocity-dependent SIDM model con-
sidered here. We also note that the stellar profiles of sur-
viving satellites can evolve differently depending on whether
they occupy a cored or cuspy halo (e.g., Errani et al. 2015).
High-resolution spectroscopy on giant segmented mirror
telescopes (e.g., Simon et al. 2019), along with improve-
ments in mass profile modeling techniques (e.g., Genina et al.
2019; Read et al. 2019; Lazar & Bullock 2020), will in-
crease the precision of density profile measurements and con-
straints. However, observational systematics associated with
inferring the underlying DM density profiles (e.g., Pineda
et al. 2017; Oman 2017), and degeneracies with baryonic
coring mechanisms (e.g., Read et al. 2019), will likely make
a detection of DM self-interactions at low relative veloci-
ties challenging. On a positive note, our results demonstrate
that observables that cover a range of velocity scales related
to MW-mass systems—such as the inferred abundances and
density profiles of low-mass subhalos—are highly comple-
mentary. In particular, combining such observables informs
the velocity dependence of the SIDM cross section, which is
a key facet of many well-motivated SIDM models.
9. CONCLUSIONS
Given increasingly precise constraints on the abundance
and internal properties of DM substructure enabled by ob-
servations of satellite galaxies, strongly lensed systems, and
stellar streams, a detailed examination of DM models at the
edge of allowed parameter space is crucial. SIDM is par-
ticularly interesting in this context, since constraints on the
velocity-dependent self-interaction cross section at relative
velocities that are small compared to those typical for galaxy
clusters provide an important handle on particle physics in
the dark sector. In this paper, we studied the phenomenology
of a generic, velocity-dependent SIDM model in the context
of the DM host halo and subhalos of MW-mass systems. Due
to its velocity dependence, the effects of our SIDM model are
inherently scale dependent. Thus, observations of MW-mass
halos and their subhalos provide a range of velocity scales
with which to probe DM self-interactions.
We have demonstrated that the characteristic velocity
above which momentum transfer due to self-interactions be-
comes inefficient, which is related to the DM and mediator
masses in our SIDM model, has a variety of phenomenolog-
ical consequences for MW-mass host halos and their subha-
los. Our main findings are as follows:
1. In the absence of baryons, the DM distribution in the
inner regions of the host is cored and thermalized
owing to self-interactions (Figure 2). This effect is
stronger for larger values of the cross section at the
host halo velocity scale, corresponding to our model
variants with larger values of w.
2. The initial assembly of subhalos in our SIDM simula-
tions, quantified by Vpeak and the time at which Vpeak is
achieved, is statistically similar to that in CDM (Figure
4).
3. Subhalos are mildly affected by self-interactions be-
fore infall into the host, leading to lower maximum
circular velocity values and moderately cored density
profiles at infall relative to subhalos in CDM (Figures
4 and 8).
4. A significant fraction of the subhalos that survive in
CDM are not found in SIDM owing to extra mass loss
from ram pressure stripping caused by self-interactions
with the host halo, which makes subhalos more suscep-
tible to tidal disruption. This effect is more severe for
models with larger values of w (Table 1, Figures 5 and
6).
5. Surviving subhalos in SIDM occupy tangentially bi-
ased orbits relative to those in CDM, causing a system-
atic trend in the orbital anisotropy profile that is more
significant for models with larger values of w (Figure
7).
6. Surviving subhalos in SIDM models with larger val-
ues of w are less dense and more cored than surviving
subhalos in CDM, and the magnitude of this effect de-
pends sensitively on orbital properties such as infall
time and pericentric distance, with more severe coring
for subhalos that pass closer to the center of their host
(Figure 8).
Given these findings, we plan to carry out a comprehensive
study of these effects for a simulated MW-like host halo that
includes a realistic Large Magellanic Cloud analog system,
which has recently been used to fit the full-sky MW satellite
luminosity function (Nadler & Wechsler et al. 2020). This
analysis will allow us to constrain the SIDM cross section at
the MW host halo velocity scale (∼ 200 km s−1) using the
abundance, surface brightness distribution, and radial distri-
bution of observed MW satellites.
We emphasize that self-interactions also affect the orbital
distribution and density profiles of subhalos in MW-mass
systems. Comparing these quantities to data in a forward-
modeling approach will help break degeneracies among
SIDM models that are not ruled out by subhalo abundances
alone, and will therefore inform the velocity dependence of
the SIDM cross section. For example, surviving subhalos
in our SIDM simulations preferentially occupy tangential or-
bits, and this prediction can be compared to the measured or-
bital distribution of MW satellites using proper-motion mea-
surements from Gaia and its future data releases. Meanwhile,
surviving subhalos in SIDM exhibit cored density profiles,
and the strength of this effect is a function of both microphys-
ical SIDM parameters and the orbital history of each subhalo.
We expect that combining high-precision spectroscopic
and proper-motion measurements of satellite galaxies with
analyses of strongly lensed systems and perturbations in stel-
lar streams will test these predictions, providing a new win-
dow into velocity-dependent DM self-interactions.
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Figure 9. Simulation resolution study. Left panel: peak velocity functions of subhalos for our high-resolution CDM and w500 resimulations
(labeled “16K”), compared to those from our fiducial simulations (labeled “8K”). Right panel: corresponding radial subhalo distributions in
units of the host halo virial radius in each simulation.
APPENDIX
A. SIMULATION RESOLUTION TESTS
To test for convergence, we rerun our CDM and w500 simu-
lations at higher resolution. In particular, these resimulations
are run with a 4.0×104 M h−1 high-resolution particle mass
and an 85 pc h−1 minimum softening length, corresponding
to a factor of eight increase in mass resolution and a factor
of two decrease in softening length relative to our fiducial
simulations.
In Figure 9, we compare the subhalo Vpeak functions and
radial distributions from these high-resolution resimulations
to our fiducial results. We find fairly good agreement, at the
∼ 15% level, between the standard and high-resolution re-
sults for subhalos above our fiducial Vpeak thresholds. Inter-
estingly, we find that there are more resolved subhalos above
the relevant Vpeak threshold in the lower-resolution simula-
tions, which might be due to the fact that early interactions
within subhalos are better resolved in the higher-resolution
simulations, leading to more efficient coring. However, we
note that there are also more resolved subhalos in the lower-
resolution CDM simulation, so this also might indicate that
the Vpeak distributions are slightly different in the fiducial and
high-resolution simulations; we have not attempted to match
subhalo populations precisely for this comparison, since the
level of agreement is reasonable. These findings suggest that
artificial subhalo disruption is not a large effect relative to the
physical disruption (or stripping below the resolution limit)
of subhalos in our SIDM simulations. Thus, we conclude
that our main results, including the amount of subhalo dis-
ruption in our SIDM simulations, are not highly sensitive to
the resolution threshold of our fiducial simulations.
B. SUBHALO RESOLUTION THRESHOLD
In our fiducial analysis, we employed a conservative Vpeak
resolution cut of 20 km s−1 for our CDM simulation, and
we matched the number of surviving-plus-disrupted subha-
los in CDM and each SIDM model variant using variable
Vpeak thresholds, denoted by Vthresh. In this appendix, we
show that this statistical subhalo matching method is neces-
sary given the scatter in the Vpeak distributions measured by
our halo finder. We then demonstrate that our matched sub-
halo populations are well converged given our fiducial choice
of Vthresh = 20 km s−1 in CDM. Finally, we summarize our
main results for a lower Vpeak threshold.
B.1. Subhalo Abundance for a Fixed Vpeak Threshold
Figure 10 shows the number of surviving, disrupted, and
surviving-plus-disrupted subhalos in SIDM relative to that in
CDM if the same value of Vthresh is used for all of the simula-
tions. The scatter among the SIDM model variants in all three
panels of Figure 10 strongly suggests that a variable Vpeak
threshold must be adopted in order to match subhalo popu-
lations in our CDM and SIDM simulations. Physically, this
is reasonable because of the differences in subhalo assembly
on an object-by-object basis caused by early self-interactions
described in Section 5.1.2; however, the differences could
also be driven by halo finder issues. Note that the scatter
among our SIDM model variants increases for lower values
of Vthresh, making precise subhalo population matching more
difficult near the CDM resolution limit of Vpeak ≈ 10 km s−1.
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Figure 10. Subhalo resolution threshold study. Left panel: total number of surviving subhalos in each SIDM model variant above a fixed Vpeak
threshold divided by the corresponding number of surviving subhalos in our CDM simulation. Middle panel: same as the left panel, but for the
number of disrupted subhalos. Right panel: same as the previous panels, but for the number of surviving-plus-disrupted subhalos.
B.2. Choice of Fiducial Vpeak Threshold
We observe that the total number of subhalos is stable at
the ∼ 10% level for Vthresh & 20 km s−1, lending confidence
to our fiducial subhalo resolution threshold. The residual dif-
ferences relative to CDM for large values of Vthresh are likely
due to a combination of physical effects (i.e., true differences
in subhalo assembly in the presence of self-interactions) and
numerical artifacts (e.g., uncertainties inherent to using halo
finders optimized for CDM on our SIDM simulations, or ar-
tificial subhalo disruption). Disentangling these effects is be-
yond the scope of this paper; however, as noted in Section
7, this ∼ 10% effect must be accounted for as a theoretical
systematic until the cause of these differences is well under-
stood.
B.3. Severity of Subhalo Disruption for a Less Conservative
Vpeak Threshold
Finally, we estimate the severity of subhalo disruption
in our SIDM simulations for a lower Vpeak threshold. In
general, we expect enhanced disruption for subhalos with
Vpeak . 20 km s−1 because these systems are even more sus-
ceptible to tidal disruption than those studied in our fiducial
analysis. Indeed, we observe that the fraction of surviving
subhalos in SIDM falls off sharply at low Vpeak thresholds,
particularly for Vthresh . 15 km s−1, and we have confirmed
that this behavior persists in our higher-resolution w500 res-
imulation. We also note that, in SIDM models with large
self-interaction cross sections at low relative velocities (e.g.,
w10), self-interactions within subhalos can significantly affect
their density profiles, again making them more susceptible to
tidal disruption. There is a hint of this effect in the left panel
of Figure 10, where we observe the steepest downturn in the
number of surviving subhalos relative to CDM for w10 near
the CDM resolution limit of Vpeak ≈ 10 km s−1.
It is unclear whether the downturn in the fraction of surviv-
ing subhalos in our SIDM simulations is a consequence of
physical disruption, artificial disruption, and/or halo finder
issues in this regime. However, for completeness, we cal-
culate the fraction of surviving subhalos in SIDM relative
to that in CDM using our statistical subhalo matching pro-
cedure for Vthresh = 15 km s−1 in CDM. This choice yields
Vthresh = [14.36,13.93,13.84,14.07] km s−1 and a surviving
subhalo fraction of NSIDM/NCDM = [0.72,0.63,0.65,0.31] for
[w10,w100,w200,w500], respectively. These surviving frac-
tions are nearly identical to our fiducial results for w100 and
w200, and they are consistent at the∼ 10% (30%) level for w10
(w500). In addition, the Vpeak distributions of surviving-plus-
disrupted subhalos remain consistent among the simulations
using these Vthresh values.
C. SUBHALOS NEAR THE HOST CENTER
As noted in Section 5.3.1, there is a curious “spike” in the
inner radial distribution of surviving subhalos for w10 and
w200, shown in the right panel of Figure 6. The spike is par-
ticularly significant for w10, where the number of subhalos
in one of the inner radial bins is enhanced by a factor of
two with respect to CDM. We emphasize that these spikes
are not statistically significant: they only correspond to one
or two additional subhalos near the center of the host in the
SIDM simulations. Given the increased efficiency of tidal
disruption in SIDM, it might seem surprising that these sub-
halos survive. While the survival (relative to our other SIDM
model variants) and sinking (relative to CDM) of these ob-
jects are plausible consequences of self-interactions, we can-
not distinguish the presence of these subhalos at small radii
from statistical fluctuations. In particular, it is possible that
pericentric passages at z≈ 0 determined by the orbital phases
of the subhalos in w10 and w200 happen to align more closely
with the z = 0 snapshot than for subhalos in CDM or our other
SIDM model variants. On the other hand, if this behavior per-
sists in a larger suite of SIDM simulations, it may be a phys-
ical consequence of increased drag due to self-interactions.
